An emerging theme in programmed cell death (PCD) of neurons is that the mechanisms involved depend on the cellular context and the death-inducing stimulus. One particular class of neurons for which it is important to identify the mechanisms of PCD are the dopamine neurons of the substantia nigra, the neurons which degenerate in Parkinson's disease. PCD has been shown to occur in these neurons during normal development and to be induced in neurotoxin models of parkinsonism. Conventional histologic stains and TUNEL labeling have not revealed morphologic differences in the apoptosis observed in these neurons in any context. We now show that in two models of induced PCD in postmitotic dopamine neurons, one induced by early striatal target injury and another induced by the neurotoxin 6-hydroxydopamine (6OHDA), there are differences in the cellular localization and type of caspase cleavage products. Using two antibodies to caspase cleavage products (fractin and AB127), we show that in the target lesion model immunostaining is localized to the nucleus, whereas in the 6OHDA model intense cytoplasmic as well as nuclear staining is observed. Another antibody, AB246, to a caspase cleavage product of spectrin, immunostains apoptotic profiles only in the 6OHDA model. These findings suggest that the cellular compartment and therefore the role of the caspases may differ in apoptosis induced in pathologic settings, such as that due to neurotoxins, from that observed in models of natural or induced natural cell death. It will be important to recognize these differences in the consideration of caspase inhibitors in the treatment of degenerative neurologic disease. © 2002 Elsevier Science (USA)
INTRODUCTION
Programmed cell death (PCD) is a form of death in which genetic programs intrinsic to the cell mediate its demise (9, 17) . While originally identified in neurons in the course of normal development (29) , it is now recognized that PCD can occur in the adult brain in models of acute and chronic neurologic disease (36, 38) . Thus, there is growing interest in the hypothesis that PCD may be an important mediator of cell death in neurodegenerative disorders such as Alzheimer's (4) and Parkinson's disease (PD) (5) . In addition, it is now clear that PCD is an important regulator of viability in cellbased approaches to the treatment of some of these diseases, such as transplantation approaches to PD (21, 34) .
PCD is now conceptualized to occur by three distinct, but probably interacting, pathways (24) : an extrinsic pathway, which is initiated at the cell surface by the binding of ligands to death receptors (2) ; an intrinsic pathway, mediated by cytochrome c release from mitochondria (11) ; and an endoplasmic reticulum stress pathway (25) . The intrinsic pathway is often implicated in PCD in neurons (41) . PCD mediated by this pathway is initially regulated by anti-and proapoptotic members of the Bcl-2 family (1), which ultimately control the release of cytochrome c. Once cytochrome c is released, it associates with Apaf-1 and the zymogen form of caspase-9, which, in the presence of ATP, is cleaved to its active form (39) . Active caspase-9 then cleaves the zymogen form of effector caspases, such as caspase-3, and activates them, enabling them to cleave cellular protein substrates.
An important emerging theme in the regulation of the intrinsic pathway in neuronal death is that the precise mechanisms involved are context and stimulus dependent (42) . Zaidi and co-workers have shown that while upstream regulation of the caspases by Bcl-2 family members occurs in mature neurons, it does not in neuronal precursors (33, 42) . Examination of homozygous null mice has revealed that Bcl-xL deficiency does not lead to an increased incidence of apoptosis among neuronal precursors, and, on the other hand, Bax deficiency does not lead to reduced levels of apoptosis, as does caspase-3 deficiency (33) .
We have had an interest in the regulation of PCD within postmitotic dopaminergic neurons of the substantia nigra (SN), the principal neurons to degenerate in PD. We have shown that natural apoptotic cell death occurs within these neurons (14, 15, 27) and that it can be induced by developmental striatal target lesion (20) , medial forebrain bundle axotomy (26) , or nerve terminal destruction with the neurotoxin 6-hydroxydopamine (6OHDA) (23) . Conventional histologic techniques such as thionine or silver stain and TUNEL labeling do not reveal morphological differences among the apoptotic profiles observed in these models of PCD in dopamine neurons, nor do immunohistochemical stains for proteins implicated in PCD, including phosphorylated c-jun (28) (and unpublished observation) and cdk5 (26) . However, we have recently observed that there is a difference among these models in the cellular patterns of activation of caspase-3. In the setting of natural cell death, or that induced by early target injury, activated caspase-3 is observed strictly in a nuclear distribution (16) . However, in apoptosis induced by the neurotoxin 6OHDA, activated caspase-3 is observed not only in a nuclear distribution, but also within the cytoplasm of the cell soma and neural processes (16) . These observations raise the question of whether these apparent differences can be confirmed by presence of similar differences in the distribution of caspase cleavage products or by differences in cleavage substrates. To address this question we have examined by immunohistochemistry the cellular localization of caspase cleavage products using three antisera to different epitopes in two of these models of induced death: that due to striatal target injury and that induced by 6OHDA (Fig. 1) . We find that apoptosis in these two models differs in the both the distribution and type of caspase cleavage products, indicating that there are distinct PCD mechanisms which can occur in postmitotic dopamine neurons.
MATERIALS AND METHODS

Animal Models
Striatal lesions with quinolinic acid (QA). Striatal QA lesions were performed as previously described (18, 20) on postnatal day (PND) 12 rats: following induction of anesthesia by hypothermia, a 28-gauge cannula was inserted into the striatum at 3.0 mm left of and 0.5 mm anterior to bregma, at a depth of 4.0 mm. QA (480 nmol/l) in 0.1 M phosphate-buffered saline (pH 7.4) (PBS) was infused by pump at 1.0 l/2.0 min. This protocol has been approved by The Animal Care and Use Committee at Columbia-Presbyterian Medical Center.
6OHDA lesions. 6OHDA lesions were performed as previously described (23) . PND6 rat pups were pretreated with 25 mg/kg desmethylimipramine, anesthetized by hypothermia, and placed prone on an ice pack. The skull was exposed by a midline incision, and a burr hole was placed 3.0 mm lateral to the left of bregma on the coronal suture. A 28-gauge cannula was then inserted vertically into the striatum to a depth of 4.0 mm from the top of the skull. 6OHDA hydrobromide (Regis) was prepared at 15 g (total weight)/1.0 l in 0.9% NaCl/0.02% ascorbic acid and infused by pump (Harvard Apparatus) at a rate of 0.25 l/min. The cannula was slowly withdrawn 2 min after the end of the infusion. After recovery from anesthesia, pups were returned to the dams until the assigned postlesion day.
Tissue Processing and Immunohistochemistry
Tissue processing. Following the QA lesion, pups were sacrificed at 24 h postlesion (PND13), and following 6OHDA, they were sacrificed at 7 days postlesion (PND13). Rat pups were anesthetized with halothane vapor, a thoracotomy was performed, and the left cardiac ventricle was cannulated with a 20-gauge needle. Each animal was then perfused with ice-cold 0.9% NaCl by gravity for 5 min. They were then perfused with ice-cold 4% paraformaldehyde/0.1 M phosphate buffer (PB) by gravity for 10 min. The brain was then carefully removed from the skull and postfixed in the same fixative for 3 h at 4°C. The brain was then cryoprotected in 20% (w/w) sucrose in 0.1 M PB for (15, 27) and SNpr (unpublished observations). The magnitude of this death event in both regions can be induced by destruction of the striatum with the excitotoxin quinolinic acid (QA). The peak of induced death occurs at 24 h postlesion (20) . Cell death can also be induced in SNpc (but not SNpr) by intrastriatal injection of 6OHDA. In this model, death is maximum between postlesion days 4 and 8 (23) . 24 h, rapidly frozen in 2-methylbutane chilled on dry ice, and sectioned through the entire SN at 20 m on a cryostat.
Primary antibodies. The fractin antibody was raised against the last five amino acids (YELPD) of the C-terminus of the 32-kDa N-terminal fragment produced by caspase cleavage between Asp244 and Gly245 of actin during apoptosis (40) . This antiserum does not recognize full-length actin, but does detect a 32-kDa polypeptide generated by incubation of actin with a caspase-3 extract from apoptotic cells (40) . In tissue culture, the induction of fractin-generating activity closely parallels that of capase-3-like activity, and it is inhibited by specific inhibitors of caspase-3-like activity. We have previously shown that in brain sections, positive fractin staining is exclusively observed in cells with apoptotic nuclear chromatin clumps (14) . For these studies, we have used the fractin antibody at a dilution of 1:100. The fractin antibody was a kind gift of Drs. G. Cole and F. Yang, UCLA. AB127 was raised against a predicted caspase cleavage sequence within poly(ADP-ribose) polymerase (PARP), KGDEVD, at the C-terminus of the N-terminal fragment (35) . AB127 detects a 46-kDa polypeptide which appears and increases with time in preparations of PC12 cells undergoing apoptosis following NGF withdrawal. It also detects a 46-kDa polypeptide which can be generated by treatment of PC12 extracts with recombinant caspase-3 protein. Both in vitro and in vivo, AB127 immunoreactivity appears exclusively in association with apoptotic nuclear morphology (10, 35) . For these studies AB127 was used at a dilution of 1:2500.
AB246 was raised against a predicted caspase cleavage sequence within ␣-spectrin, GPRDETD, at the Cterminus of the 156-kDa N-terminal fragment. The specificity of AB246 was evaluated by immunoblot analysis of SY5Y human neuroblastoma cells degenerating in response to three mechanistically distinct proapoptotic stimuli. SY5Y cells were grown in 35-mm dishes to near confluency and then treated with either fresh serum-containing growth medium (control, no addition), staurosporine (300 nM, 6 h), tunicamycin (2 g/ml, 24 h), or growth-factor-deficient medium (serum-free ϩ LY294002, 50 M, 24 h). Following two washes, cells were harvested in 75 l/well SDS-PAGE running buffer, and polypeptides were separated by SDS-PAGE and transferred to a PVDF membrane. The membrane was immunostained with AB246 at 1:3000 using enhanced chemiluminescence. Whereas AB246 exhibited little labeling of control cells, apoptotic SY5Y extracts contained an immunoreactive polypeptide of ϳ150 kDa, which is the predicted size of the caspase-derived N-terminal fragment of ␣-spectrin (Fig. 2 ). AB246 also exhibits detectable but less intense labeling of an ϳ75-kDa polypeptide induced by staurosporine treatment that is of unknown origin. AB246 does not react with the ϳ150-or ϳ145-kDa derivatives of ␣-spectrin produced by calpain cleavage (data not shown). These reactivities are blocked when cells are treated with a caspase inhibitor. By immunocytochemistry, AB246 has been shown to react preferentially with apoptotic but neither healthy nor necrotic neurons in cell culture (R. Siman, submitted for publication). AB246 was used at a dilution of 1:1000.
Immunoperoxidase staining. For all protocols, sections were collected into PBS and processed free floating. After washes in PBS, sections were pretreated with PBS/0.5% BSA and then incubated in primary antibody in this solution for 48 h at 4°C. Sections were then treated with biotinylated protein A (prepared in our laboratory) at 1:100 for 60 min at room temperature. Following additional washes, sections were incubated with avidin-biotin-horseradish peroxide complexes (ABC, Vector Labs) at 1:600 for 60 min at room temperature. Following washes in PBS, sections were incubated in a solution of diaminobenzidine (50 mg in 100 ml Tris buffer, pH 7.6) containing glucose oxidase,
FIG. 2.
Specificity of AB246 for a caspase-derived fragment of ␣-spectrin. SY5Y human neuroblastoma cells were either maintained in growth medium (no addition) or treated with the indicated proapoptotic stimuli, as described under Materials and Methods. Immunoblot analysis demonstrates that in healthy cells AB246 does not react with intact ␣-spectrin (ϳ250 kDa) or any other polypeptide. In apoptotic extracts, in contrast, AB246 intensely stains the caspase-derived ϳ150 kDa N-terminal fragment of ␣-spectrin.
ammonium chloride and D(ϩ)-glucose to generate H 2 O 2 .
Immunofluorescence double labeling. Brains were postfixed for 3 h. Sections were cut at 20 m and then incubated with PBS/0.1% Triton/10% goat serum/10% horse serum. They were then incubated with anti-TH (1:40) (Chemicon) or anti-fractin (1:100) or both for 48 h at 4°C. Following washes, they were incubated with Texas-red-conjugated horse anti-mouse at 1:75 and fluorescein-conjugated goat anti-rabbit at 1:75 in TBS-T/10% goat serum/10% horse serum for 1 h. Sections were then stained with Hoechst 33342 (Molecular Probes) at 1:500 to visualize apoptotic chromatin clumps. Sections were coverslipped with Dako antifade medium and viewed with appropriate filters by epifluorescence on a Nikon Eclipse 800 microscope. Images were captured with a Spot II digital camera and single channel images were merged using Adobe Photoshop.
Qualitative morphologic analysis. In the immunoperoxidase-stained material, apoptosis was identified at the light microscope level by performing a thionine counterstain and visualizing intranuclear chromatin clumps as one or more intensely basophilic, homogeneously stained, round, and distinctly bounded structures. We have previously shown for both the striatal lesion and the 6OHDA models that apoptotic profiles so identified are confirmed to be apoptotic by electron microscopy (20; and unpublished observations). Profiles so identified can also be confirmed as apoptotic by TUNEL labeling and suppressed silver staining (20, 23) . In the immunofluorescence double-labeled material, apoptotic profiles were identified by the presence of intensely fluorescent, round, and distinctly bounded structures within the nucleus on UV illumination.
Quantitative morphologic analysis. For analysis of the QA model, sections from three animals were processed for immunostaining with each of the three antibodies; for the 6OHDA model, sections from four animals were processed. To determine the percentage of apoptotic profiles in the SN immunostained for each immunogen, all available sections for each animal were scanned at 600ϫ and all apoptotic profiles identified by the above criteria were counted. For each apoptotic profile, it was determined whether there was positive immunostaining. In no instance was there positive immunostaining in the absence of apoptotic chromatin clumps. Sections were processed free floating, and nonserially, but for each brain there were sections representative of each of the major SN planes, identified in the Paxinos-Watson atlas as planes 4.2, 3.7, and 3.2 (32) . Because the number of sections available for each animal varied, so also did the absolute number of apoptotic profiles (Table 1) . Thus, the absolute number of sampled apoptotic profiles for each immunogen does not meaningfully reflect the magnitude of induced death in different animals or models. However, there was no difference between the two models in mean number of apoptotic profiles per section (QA, 4.9 Ϯ 0.7; 6OHDA, 4.6 Ϯ 0.3, NS).
RESULTS
Immunostaining of SN sections with the fractin and AB127 antibodies in the target injury model revealed positive staining of apoptotic profiles in a nuclear distribution (Fig. 3) . Staining was always observed in a small (ϳ5.0 m), circular pattern surrounding apoptotic chromatin clumps, identified by thionine counterstain. Staining was never observed within the cytoplasm of cells in this model. This pattern of staining is identical to that which we previously reported for the activated form of caspase-3 in the target injury model (16) .
Staining with these antibodies was not observed in all apoptotic profiles in SN. For fractin, positive staining was observed in 24 of 86 (28%) of profiles examined among N ϭ 3 animals. AB127 staining was observed in a smaller percentage; only 8 of 139 (6%) of profiles were stained. These percentages are substantially lower than that observed for activated caspase-3, which we reported as 59% in this model (16) .
In the target injury model, efforts to demonstrate caspase cleavage of spectrin with the AB246 antibody failed to reveal positive profiles, in spite of a clear demonstration of staining in the 6OHDA model, as presented below, processed in parallel. A total of 162 apoptotic profiles in the SNpc were examined in N ϭ 3 animals. One revealed possible positive staining, but in the absence of other confirmatory profiles, it could not be certain that this was authentic.
Caspase cleavage products were also detected by immunostaining in the 6OHDA model. As predicted on the basis of activated caspase-3 staining in this model (16) , the staining was not only nuclear, as observed in the target injury model, but also cytoplasmic (Fig. 4) . In the example of positive fractin staining shown in Fig. 4A , the cytoplasmic staining was more pronounced than the nuclear staining. In other profiles, approximately equal levels of staining could be observed in the two cellular compartments. A similar pattern of staining was observed with the AB127 antibody, as shown in Fig. 4B . Similar to the target injury model, not all apoptotic profiles were positive for either fractin or AB127. Among 207 apoptotic profiles in the SNpc in N ϭ 4 animals lesioned with 6OHDA, 28 (14%) were fractin positive. Of these 15 (or 7%) showed only nuclear staining; the remaining 13 (6%) showed cytoplasmic staining in the presence or absence of nuclear staining. Among 199 profiles examined in N ϭ 4 animals, 29 (15%) were positive for AB127 staining. Unlike the fractin staining, however, a very small number (only 2) showed only nuclear staining; the large majority (27, or 99%) showed cytoplasmic staining in the presence or absence of nuclear staining. The total percentages of profiles stained with these antibodies, 14 and 15% for fractin and AB127, respectively, is quite similar to the 15% we had previously reported for the number of caspase-3-positive profiles in the 6OHDA model (16) .
Unlike the target injury model, the 6OHDA model induced the expression of caspase cleavage products of spectrin (Fig. 4C) . As for fractin and AB127 immunostaining, AB246 staining was observed in both the nucleus and the cytoplasm. The profile demonstrated in Fig. 4C is one in which the nuclear and cytoplasmic peroxidase staining are equally apparent. A similar percentage of profiles was stained, compared to fractin and AB127 (23 of 159, 14%). As for AB127 staining, the large majority of profiles showed cytoplasmic staining (20 of 23, or 87%).
While we have previously shown that induced apoptotic death in both the target injury and the 6OHDA models occurs in phenotypically defined dopamine neurons, we have not shown, for either model, that it occurs exclusively in these neurons. It is therefore theoretically possible that the differences in morphology and patterns of protein cleavage which we have observed in these two models could be attributed to differences in the cellular phenotype of the stained profiles. To address this issue, we determined the pattern of staining in defined dopamine neurons by use of immunofluorescence double labeling for fractin and tyrosine hydroxylase. In the target injury model, double labeling confirmed that when positive fractin staining is identified within apoptotic dopaminergic neurons, it is exclusively expressed within the nucleus (Fig. 5) . In the 6OHDA model, when fractin staining is identified within apoptotic dopaminergic neurons, it is present in the cytoplasm alone (Figs. 6A-6D) , in both the cytoplasm and the nucleus (Figs. 6E-6H) , or in the nucleus alone (not shown). Thus, the differences in cellular morphology of caspase cleavage products that we have identified in these two models can be observed within defined dopamine neurons and are not due to differences in cell phenotype.
DISCUSSION
It has been recognized for some time that different cell phenotypes utilize different pathways of PCD. While cell death by the extrinsic pathway has frequently been implicated in the death of lymphocytes, cancer cells and inflammatory cells (2) , the intrinsic pathway has more often been implicated in death of cells in the nervous system (41) . However, it has become apparent only more recently that even within neurons, regulation of the intrinsic pathway differs depending on the stimulus and context. Zaidi and coinvestigators have shown that the Bcl-2 family of apoptosis regulators appear to play a role in controlling caspase activation in the intrinsic pathway predominantly in postmitotic neurons and not in neuronal precursors (33, 42) . The general concept that the involvement of specific death molecules may be dependent on specific brain region and maturity is reinforced for the caspases by the recent observation that although caspase-3 and caspase-9 homozygous null mutations lead to striking forebrain morphologic abnormalities, the spinal cord and brain stem appear normal (30) . Aside from any differences in death pathways that may be due to differences in brain region, cell phenotype, or age, it is also clear from studies in tissue culture that differences may also arise from the nature of the death stimulus. Park and colleagues have shown that PCD in postmitotic sympathetic neurons in culture differs in its regulation by cyclin-dependent protein kinases and its mediation by caspases, depending on whether it is induced by trophic factor withdrawal, DNA damage, or oxidative stress (31) .
It has been unknown whether different mechanisms of PCD might occur in postmitotic dopamine neurons of the SN in vivo. Apoptosis has been unequivocally identified in these neurons during normal development (14, 15, 27) and shown to occur in models of disease induced by the neurotoxins 6OHDA (13, 23) and MPTP (37), in both immature and adult animals. Apoptosis has not previously been demonstrated to have different morphologies or mechanisms in these diverse contexts. No differences in morphology have been identified on routine histologic stains or by TUNEL labeling. In the case of apoptosis induced by intrastriatal injection of 6OHDA, we had previously hypothesized that the increased level of death was due to destruction of dopamine terminals, an inability to take up target-derived trophic support, and a resulting induction of ongoing natural cell death, as envisioned by classic neurotrophic theory (3, 6) . On the basis of this hypothesis, and in view of the identical morphology of apoptosis by conventional techniques in the 6OHDA and the striatal target injury models, it seemed most parsimonious to propose that identical mechanisms of PCD were operative.
However, two observations do not conform to this concept. First, the developmental time course for the QA and the 6OHDA models is not the same. In the QA target injury model, there is virtually no induction of death after PND14 (18) , whereas in the 6OHDA model, while the level of induction is much less after PND14, it nevertheless occurs, even as late as 7 weeks of age (23) . Second, as previously noted, the cellular distribution of activated caspase-3 differs between the two models. In the QA model, activated caspase-3 is demonstrable only in the nucleus, whereas in the 6OHDA model, it is identified in the cytoplasm as well. The present results confirm and extend these observations by demonstrating that a similar difference between the two models exists for the cellular distribution of two caspase cleavage products. In addition a caspase cleavage product of spectrin is demonstrable only in the 6OHDA model, and it too is identified in the cytoplasm.
We interpret these differences in the patterns of cellular morphology and protein cleavage between the two models to be due to differences in functional caspase activity in different cell compartments in vivo. While immunostaining of activated caspase-3 can apparently occur as a postmortem artifact (12), we doubt that such an effect could account for the differences we have observed. In our previous study of activated caspase-3 staining, we never observed staining in the absence of colocalized nuclear apoptotic chromatin clumps. In addition, a transient postmortem cleavage of caspase-3 seems unlikely to result in extensive cleavage of protein substrates, such as we have observed. Furthermore, in the present study, the staining of caspase cleavage products, like activated caspase-3, was always observed in association with apoptotic chromatin morphology.
The differences we have observed cannot be attributed to age, relationship to the cell cycle or cell phenotype. Animals in the two models were studied at the same age, all dopamine neurons are postmitotic at this postnatal age (8, 19, 22) , and these morphologic differences were demonstrated in the two models for defined dopamine neurons.
We also observed a difference in the two models in terms of the relative abundance of caspase cleavage products. In the target injury model we observed relatively fewer cleavage product-positive profiles in com- parison to the numbers of activated caspase-3-positive profiles, which we previously reported to be 59% (16) . In the 6OHDA model, the proportion of apoptotic profiles positive for caspase cleavage products was about the same as what we had reported for caspase-3-positive profiles, which was 15% (16) . One interpretation of these results is that for a given level of caspase-3 activity, there is more substrate cleavage in the 6OHDA model. Alternatively, these differences may be due to differences in the cellular compartments in which caspase-3 is active in the two models. In the 6OHDA model, the presence of activated caspase-3 in the cytoplasm may result in more readily stainable cleavage products by immunohistochemistry compared to the target injury model, where the cleavage products are strictly nuclear, and less accessible to staining by immunoreagents.
The localization of activated caspase-3 and the caspase cleavage product of actin recognized by the fractin antibody to the nucleus in the target injury model is identical to what we have previously described for natural cell death in SNpc neurons in rat (16) and mouse (14) . It thus seems possible that the induction of death in dopamine neurons following striatal target injury represents an augmentation of natural cell death, as proposed in classic neurotrophic theory (3), and cell death mechanisms in these two settings are similar. In 6OHDA-induced death, however, the appearance of activated caspase-3 and cleavage products in the cytoplasm is unlike what we have observed in natural cell death. This ectopic activation of caspases in the cytoplasm may occur in other neurotoxin models of apoptotic dopamine neuron death. Eberhardt and colleagues have shown that in the adult MPTP model of apoptotic dopamine neuron death, activated caspase-3 is identified predominantly in the cytoplasm (7) .
These findings have functional implications for the possible role of caspases in pathologic states of apoptotic cell death. Oppenheim and co-investigators have recently shown that in caspase-3 and caspase-9 null mice there is no decrease in the number of neurons which die by natural cell death in spinal and brainstem motor nuclei, spinal interneurons, dorsal root, or sympathetic ganglia (30) . Furthermore, when natural neuron death occurs in these mutants, cytoplasmic degenerative changes are observed, but nuclear changes and TUNEL labeling are diminished. These findings suggest that for some neuronal populations, for natural cell death, caspases are not essential, and they seem to primarily mediate nuclear change, a late apoptotic event. If such were the only role for the caspases, then their inhibition by pharmacologic antagonists would offer little therapeutic benefit in the treatment of degenerative neurologic disease. However, our results show that in a pathologic setting, that of apoptosis induced by neurotoxins, the role of caspases may be quite different. In this setting, they are active in the cytoplasm. Our studies do not permit an analysis of the time course of their activation, but it is conceivable that in this setting, their activation in the cytoplasm may be an earlier event than the nuclear events mediated by caspases in natural cell death. Thus, in pathologic apoptosis, such as may occur in disease, it may remain a worthwhile therapeutic goal to inhibit caspase-mediated cytoplasmic proteolysis.
